The nature of the flow field in a three stage axial flow compressor, including a detailed survey at the exit of an embedded stator as well as the overall performance of the compressor is presented and interpreted in this paper. The measurements include area traverse of a miniature five hole probe (1.07 mm dia) downstream of stator 2, radial traverses of a miniature five hole probe at the inlet, downstream of stator 3 and at the exit of the compressor at various circumferential locations, area traverse of a low response thermocouple probe downstream of stator 2, radial traverses of a single sensor hot-wire probe at the inlet, and casing static pressure measurements at various circumferential and axial locations across the compressor at the peak efficiency operating point. Mean velocity, pressure and total temperature contours as well as secondary flow contours at the exit of the stator 2 are reported and interpreted. Secondary flow contours show the migration of fluid particles toward the core of the low pressure regions located near the suction side casing endwall corner.
INTRODUCTION
he flow field in a multistage compressor includes large regions in which the endwall phenomena cause significant deviations from 2-D cascade performance.
Viscous and clearance effects result in vigorous shearing with momentum and thermal transfer. In order to make good design choices, it is very desirable to know the extent and limits of these effects in order, for instance, to avoid choosing a design in which major endwall flow reversals are present near the design point. At the present time, allowance for such effects is typically made by including an artificial viscosity term into the flow model. The objective of the Penn State research is to provide a more scientific basis for the analysis of the multistage compressor flow field.
Most of the research hitherto carried out are confined to cascades or rotor alone configuration. Robinson [1992] provides a critical review of the recent advances in understanding the nature of the flow in multistage compressors. Recent aerodynamic studies include area traverses at the exit of stator 2 in a highly loaded compressor (Calvert et al. [1989] ) and radial traverses at the exit of each blade row of a high speed multistage compressor (Falchetti [1992] This paper provides details of facility, instrumentation, overall performance and radial distribution of average properties (pressure, temperature, velocity and flow angles) at the exit of stator 2, rotor 3 and stator 3, as well as the data on local flow field from an area traverse at the exit of stator 2. Further details on facility, instrumentation, data acquisition system, accuracy of measurement and the method of calculating overall performance variables can be found in Lakshminarayana et al. [1991] . 
OVERALL PERFORMANCE AND INLET AND EXIT FLOW FIELD
The overall performance characteristics were measured and documented at three different rotor operating speeds (100, 85 and 105% of the design corrected rotor speed) and at a set of operating throttle conditions. Details of the data reduction procedure and equations are given in Lakshminarayana et al. 1991 The total pressure rise characteristics at the three corrected rotor speeds are shown in Figure 3 (a). The pressure ratio increases with increase in rotor speed with the peak pressure ratio being 1.26 for 85% speed and 1.37 for 100% speed. For the 105% speed, the peak pressure ratio was not reached since the compressor input power and speed was limited. The torque based efficiency is shown in Figure 3( The core flow region, which is approximately 75% of the span at inlet, reduces gradually to less than 30% of span at the exit of the compressor. Since the measurements shown in Figure 5 are at the exit of stators, the leakage effects due to rotor tip clearances are not observed. The data indicate that the leakage flow has mixed within the stator passage, resulting in a conventional viscous layer (monotonically decreasing towards the annulus wall). Whereas the flow near the hub shows the effect of leakage due to clearance between a stationary blade and a rotating hub, the values of Cpt increase from hub to about 10% of span, followed by a flat profile (and a wake type of region at exit). This is typical of profiles caused by the interaction of leakage flow with the primary flow (Lakshminarayana et al. [1995] ).
Flow Angle and Axial Velocity
The absolute flow angle at the exit of stators 2 and 3 and at the exit of the compressor are shown in Figure 6 . The inlet flow was axial. The design angles are also shown in this figure. Downstream of stator 2, beyond 70% span, the measured profiles show under-turning up to about 95% span. Over-turning is observed in the outer 5% of the stator blade span, caused by secondary flow. Both underturning and overturning are observed near the hub.
Up to about 9% of the span from the hub, the flow is underturned. The overturning is confined to spanwise locations extending from 10% to 25% span. This is typi.cal of the distribution observed in vortical motion. This may also have been caused by separated flow in the upstream rotor, (as explained earlier), and the associated shear gradient, resulting in secondary flow and overturning in this region. Downstream of stator 3, the radial distribution of exit flow angle is very similar to those observed at the exit of stator 2. The underturning region near the hub has increased. The passage averaged pitch angle distribution were found to be small at all axial locations and were of the same order of magnitude as the measurement uncertainties.
The spanwise variation of average axial velocity at several axial locations along the compressor at the peak efficiency point, 100% speed is shown in Figure 7 . The mass flow based on measured local axial velocity is found to be almost the same at all axial locations. The flow is uniform in the mid-span regions with variations occurring in the end-wall regions due to the effect of various flow mechanisms (hub clearance flow from stators, tip clearance flow from the rotors, annulus wall boundary layers and secondary flow). plots are the circumferentially averaged radial distributions of inlet and exit total temperature ratio. The temperature field is very well behaved at the inlet where the temperature distribution is almost uniform in the radial direction. Downstream of stator 2 the profiles already show evidence of higher temperatures at the end walls with the temperature near the tip higher than that at the hub. Similar behavior is reported by Falchetti [1992] . Higher stagnation temperatures near the endwalls are caused by viscous layers and the associated higher temperature rise across the rotors in these regions. At the compressor exit, the radial gradients in total temperature near the endwalls are much lower than the radial gradients at corresponding spanwise locations downstream of stator 2. This is due to increased spanwise mixing of the flow downstream of stator 3. Similar distributions were measured by Behlke et al. [1979] and computed by Adkins and Smith [1982] . Calculations to predict the total temperatures at the exit of stators without mixing by Adkins and Smith [1982] have shown high total temperature at the endwalls compared to the midspan region.
Isentropic Efficiency
Radial distributions of isentropic efficiency of the first two stages calculated downstream of stator 2 (based on the total pressure and total temperature traverses at this location) is shown in Figure 9 . Isentropic efficiency ('I]isen) is defined by:
Tlisen (2) T-i Measured isentropic efficiency downstream of stator 2 is the lowest at the hub and tip regions and highest in the midspan regions as is expected With higher losses in the casing regions (lower total pressure ratios and higher total temperature ratios), the efficiencies are much lower than the efficiencies in the hub regions. The tip regions have the lowest efficiency indicating that the rotor leakage flow and the stator annulus wall secondary flow are more severe than their counterpart near the hub.
Similar distributions have been measured by Calvert et al. [1989] .
FLOW FIELD AT THE EXIT OF STATOR 2 (AREA TRAVERSE)
A complete area traverse was performed at the exit of stator 2 to resolve the detailed time average flow field properties, including three mean velocity components and total and static pressures. A sub-miniature (1.07 mm tip) five-hole probe was traversed 5.6% stator 2 chord (at mid-span) downstream of stator 2 (Figure 1 ). The area traverse data was obtained at the peak efficiency condition (point A in Figure 3( the leading edge kiel probe will be referred to as the "kiel" blade, whilst the blade with no kiel probe will be referred to as the "clean" blade. Figure 10 shows the total pressure coefficient contours at the peak efficiency operating condition. The effects of secondary flow and thickening of the boundary layer near the suction surface comer in the casing endwall region is clearly seen. The "inviscid" core region extends from approximately 20% span from the hub to 80% of the span. The wakes in this region are approximately 2:0% of the blade spacing. Lowest total pressures are observed in the wakes in the endwall region with Cpt values as low as 4.5. The wakes are much thicker at the casing in the outer 20% of span for the "clean" blade and 30% of the span for the blade with leading edge kiel. The total velocity profiles presented later indicate no separated flow region at the comer formed by the suction surface and the casing at this peak efficiency condition.
The stagnation pressure contours near the hub indicate a low energy core located near the mid-passage, possibly caused by the leakage flow in the hub/stator clearance region. The leakage and core region extends to nearly 10% of the span. Under-turning in this region, reported later, is expected as the blades are unloaded near the hub endwall. No measurements were taken closer than 2 mm from the rotating hub, hence no definitive conclusion can be drawn with regard to the presence of leakage or secondary vortex. The endwall boundary layer thickness in this region is larger than the tip gap, hence the presence of scraping is expected. Figure 11 shows the total velocity contours at the peak efficiency operating point. A large increase in the stator wake width in the casing endwall region on the suction side of the stator, caused by secondary and corner phenomena, can be clearly seen. The spanwise distance (h) of the loss core from the endwall, non-dimensionalized by the stator 2 mid-span chord, is h/c 14.8% (or 90% span) for the left ("clean") blade wake and h/c 19.2% (or 87% span) for the right ("kiel") blade wake. The wake thickness near the rotating hub is not as significantly affected as in the casing endwall region as the stator hub clearance unloads the stator blade at the hub. The suction surface corner near the casing has low velocities at the peak efficiency point, but the axial velocity contours (not shown) indicate that the flow is not separated near the casing at this operating condition. The hub region reveals no separated regions. Even in the leakage vortex/mixing region, the axial velocities are higher than that encountered in the wakes.
The swirl angle contours are shown in Figure 12 , for the peak efficiency operating conditions. The design exit angle for stator 2 varies from 23.2 at the root to 31.63 at the tip. The swirl angle distribution across the wake indicates the usual overturning and underturning on the suction and pressure side of the wakes, respectively. This is consistent with the wake data in a single stage compressor rotor (Prato and Lakshminarayana, 1993) . The endwall region has overturning in the corner region formed by the suction surface and the wall and this is caused by the secondary flow. The flow on the pressure side in this region is underturned. The secondary flow is nearly zero in the mid-passage at mid-span. In the casing endwall region, the secondary flow moves from the pressure side to the suction side. The fluid near the suction side is directed towards the center of the low total pressure region earlier identified to have a core at 90% span for the left or "clean" blade. As indicated by the vectors, the core region entrains fluid from above (inward flow) and below (outward flow) the low energy core. This is illustrated by the direction of the secondary velocity vectors at this location. This migration of fluid is more pronounced for the right or "kiel" blade ( Figure 13 ) as the local fluid is entrained towards the center of the low total pressure core earlier identified as occurring at 87% span.
The flow in the wakes from 30% to 70% span is radially inward due to the local imbalance between the centrifugal forces acting on the fluid particles and the radial static pressure gradient in the stator blade wakes. The secondary flow vectors from 5% to 20% span are reflective of the viscous effect of the stator blades scraping the skewed hub endwall boundary layer. The fluid near the pressure side of either blade is directed radially outward since the scraping action of the stator blade relative to the rotating hub causes the fluid to roll resulting in a clockwise vortex with radial outward flow on the pressure side. The viscous nature of the fluid causes the fluid on the suction side to be entrained inward and across the wake towards the pressure side of the blade. The blade-to-blade profiles of pitch angle (not shown) indicate radially inward flow on the suction side and radially outward flow on the pressure side of the stator blade wakes. The interpretation of the flow near the hub region is speculative and additional data near the clearance region is necessary before the phenomena can be attributed to the leakage or the scraping vortex.
CONCLUSIONS
The following conclusions can be drawn on the behaviour of the flow in multistage axial flow compressors based on the experimental investigation described in this paper. 
